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ABSTRACT

Author: Serlin, Hannah, K. MS
Institution: Purdue University
Degree Received: May 2018
Title: A Genetic Approach to Pinning Down the Wanderer: Mapping Vagal Afferent
Innervation of the Mouse Intestinal Mucosa
Major Professor: Edward A. Fox
Vagal afferents that supply the small intestine mucosa play a key role in signaling
satiation and regulating digestion. Little is known about the morphology or distribution
of this innervation. A major obstacle has been the ability to selectively label a large
proportion of vagal mucosal afferents independent of other extrinsic and intrinsic
gastrointestinal tract innervation. A recent breakthrough revealed that Nav1.8CreTomato control (CON) mice express Tomato protein in ~80% nodose and dorsal root
ganglion (DRG) cells and in mucosal afferents throughout the intestines (Gautron,
519:3085, 2011). Subdiaphragmatic vagotomy in CON mice (VAGX) resulted in a
complete loss of this mucosal innervation, suggesting the tdTomato innervation was all
of vagal origin. However, Gautron and others relied on visualization of native Tomato
fluorescence and qualitative analysis. To quantitatively explore the distribution, more
thoroughly evaluate the vagal origin, and examine the morphology of tdTomatocontaining nerve terminals throughout the entire small intestine, innervation at 13 sites
along the small intestine of CON and VAGX mice were compared. Two different sham
approaches, varying in degrees of invasiveness, were also utilized to further explore and
evaluate the vagal origin and distribution. After perfusion fixation, 1 cm length blocks of
small intestine tissue from a random subset of 5 out of the 13 sampling sites from each
mouse were harvested, frozen, cross-sectioned, and stained. The tomato protein was

xii
stained to amplify its native fluorescence signal for more sensitive visualization. CON,
VAGX, and sham tissue was harvested, processed, and mucosal innervation quantified
in parallel. Several features of nerve terminals in villi or adjacent to crypts were
quantified blind. VAGX mice had a significant reduction in the mean number of axons
crossing a gridline at the base of a villus, of terminal branch crossings at a mid-height
villus gridline, and of crypts in close apposition with nerve fibers compared to CON and
sham mice. There was not a significant difference between CON and sham mice in any
of these measures. Both CON and sham experimental conditions exhibited a large
proximal to distal decrease in all measures, while the surviving label in the VAGX
experimental condition was stable along the entire small intestine length. These findings
suggest labeled afferents in the small intestinal mucosa are mainly vagal in origin,
especially in the proximal afferents which are crucial for regulating food intake. Thus,
this mouse model will be valuable for studying the morphology, plasticity, and function
of vagal mucosal afferents at all levels of the small intestine.

1

INTRODUCTION

With increased rates of obesity and a growing wealth of literature linking gut
health to various cognitive (Winocur et al., 2005), behavioral (Puhl and King, 2012), and
psychological (Klarer et al., 2014) maladaptive outcomes, the paucity of knowledge
regarding and attention towards understanding the anatomy of the neural plexuses in the
periphery involved in regulating food intake and body weight is unacceptable. Despite
the necessity of communication between the two systems to maintain energy
homeostasis, the anatomical knowledge about the cells and neural circuits in the central
nervous system (CNS) involved in food intake and body weight regulation is
significantly more advanced than the knowledge about the cells and neural circuits in the
peripheral nervous system (PNS). Arguably, this lack of and imbalance in anatomical
knowledge about the peripheral neural plexuses is dangerous given the prevalent use of
quick fix weight loss approaches that have the potential to permanently alter the
digestive tract (i.e. – roux-en-y gastric bypass). This uneven balance of knowledge is in
part due to a lack of appropriate tools and techniques to investigate the cells and neural
circuits in the PNS that communicate with the CNS.
The gastrointestinal (GI) tract communicates with the brain (gut–to-brain)
through both endocrine mechanisms and direct innervation by cranial and spinal nerves.
The vagus nerve, the Xth cranial nerve, is a mixed sensory afferent and motor efferent
nerve. These vagal sensory afferents are arguably the GI tract’s primary neural route of
gut-to-brain communication. Vagal gut-to-brain communication occurs through two
known means. The first mean is, the pseudounipolar vagal afferents synapse onto
second-order neurons in the nucleus tractus solitaritus (NTS), where information about
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the viscera is then distributed throughout the CNS (Davis, 1998). The second mean is,
the afferents either connect monosynaptically or through interneurons in the NTS with
the vagal efferents in the dorsal motor vagal nucleus creating the vago-vagal reflexes
(Takahashi and Owyang, 1997). Both vagal routes of gut-to-brain communication are
thought to transmit signals from the gut to the brain about the nutrients ingested (Zittel et
al., 1994), gastrointestinal motility (Schwartz and Moran, 1998), and gut immune
response (Matteoli et al., 2015).
Currently there are two identified and distinguishable subtypes of vagal afferent
receptors in the GI tract that transmit signals about events in the viscera to the brain. The
first subtype is mechanoreceptors located in both the muscle layers (longitudinal and
circular) and the myenteric plexus (Berthoud and Powley, 1992; Berthoud and
Neuhuber, 1994; Berthoud et al., 1995; Berthoud et al., 1997; Fox et al., 2000), which
are thought to respond to mechanical stimuli (i.e. – tension and stretch; Phillips et al.,
2005; Zagorodnyuk et al., 2003; Zagorodnyuk et al. 2001). The second subtype is
chemoreceptors, located in the submucosa and mucosa. Based on their morphology and
location within the tissue (Powley et al., 2011; Berthoud et al., 1995), previous
electrophysiological recordings about discharge frequency (Mei, 1985), and through
surgical/chemical ablation methods (Yox et al., 1992), chemoreceptors are thought to
respond to chemical stimuli (i.e. – pH, osmolarity, presence of fats, carbohydrates, and
protein).
These vagal chemoreceptive mucosal afferents are reported to play a pivotal role
in normal physiological functioning, meal termination, and digestion regulation (Smith,
1998; Yox et al., 1992) through chemosensing the quality and the quantity of nutrients in
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the lumen. Two distinct and independent vagal chemoreceptive mucosal afferents have
been histologically characterized in the mouse and rat proximal duodenum (Powley et
al., 2011; Berthoud et al., 1995); the vagal villus and the vagal crypt afferents.
The vagal villus mucosal afferents have been reported to traverse from the
mesenteric attachment, through the muscle layers and submucosa, to the base of a villus
where most of the afferents divided into arbors of several collaterals to innervate one or
more villus. The collaterals primarily terminate in close apposition to the basal side of
mucosal epithelial cells along the villus wall clefts, and in the villus apical pole (Powley
et al., 2011). Vagal crypt afferents were reported to encircle one or more crypts multiple
times in the upper third of the crypt’s luminal or apical pole where more mature postmitotic epithelium and secretory enterocytes reside (Powley et al., 2011; Berthoud et al.,
1995).
Despite the known importance of the vagal mucosal chemoreceptors in food
intake and body weight regulation, the density and distribution of their neural network
terminals along the length of the small intestine has yet to be characterized. As eluded to
previously, the slow progression of knowledge in and hesitancy to investigate the vagal
mucosal plexus structure and distribution throughout the GI tract has in part been due to
no known specific molecular marker for the vagus nerve (Fox, 2006). The vagal fibers
share a similar phenotype to and run tightly with the extrinsic spinal and efferent vagal
fibers that innervate the GI tissue, as well as with the intrinsic enteric nerves. This lack
of a specific marker for the vagal fibers, has made it difficult to distinguish one neural
network, fiber, or terminal ending histologically or electrophysiologically from the other
(without causing serious disruption to physiology). To overcome this obstacle, previous
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researchers used a nodose tracer injection technique to selectively label the vagal fibers
(Sato and Koyano, 1987; Berthoud et al., 1990; Berthoud et al., 1995; Fox et al., 2000).
While these studies have provided critical knowledge to the current understanding, tracer
injections are limited. Tracer injections can only be used unilaterally, can produce
variable results depending on the quality of injection, and are incompatible with longterm physiological experiments (Gautron et al., 2011). To overcome some of these cited
shortcomings and expand the current anatomical knowledge about the vagal mucosal
afferent network density and distribution in the small intestine, a transgenic Nav1.8-CretdTomato mouse strain was further characterized and utilized in the present study.
The Nav1.8-Cre recombinase mouse strain was first produced by Stirling and
colleagues (2005) to study nociception. Stirling found the Nav1.8 channels were
expressed in neurons of the dorsal root ganglia (DRG), trigeminal ganglia (TG), a few
neurons in the sympathetic cervical ganglia, and in approximately 75% of the nodose
ganglia cells. These voltage-gated sodium channels are responsible for slow tetrodoxin
resistant activity in sensory specific small to medium sized neurons (Djouhri et al., 2003;
Akopian et al., 1999). The Nav1.8 channels are thought to contribute to inflammatory
pain, neuropathic pain, mechanical sensitivity, and visceral pain through DRG afferents
that innervate the viscera (Wood et al., 2004; Wood, 2004), but their role in vagal
afferents remains largely unknown.
Gautron et al., (2011) bred the Nav1.8-Cre mice with tdTomato mice as a
potential tool to study the vagal afferent innervation without the need for
immunohistochemistry (IHC). Gautron reported ~82% of nodose ganglion cells were
labeled in the transgenic Nav1.8-Cre-tdTomato mouse model as well as ~80% DRG,
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~67% TG, a few neurons in the superior cervical ganglion, and a small number of
isolated myenteric neurons in the muscle wall of the intestines. The tdTomato expressed
only in Nav1.8-expressing afferents with a large percentage co-labeling with calcitonin
gene-related peptide (CGRP), a general marker of nociception. The nodose ganglion
terminals in the NTS and area postrema expressed tdTomato label as well. It is important
to note, this mouse model fluorescently labels the sensory afferents and does not
fluorescently label the motor efferents. The tdTomato label was observed in the vagal
afferent cell bodies located in the nodose ganglion, as well as in their nerve fibers and
terminal endings in the mucosa and myenteric plexus of the thoracic and abdominal
viscera. Three days following subdiaphragmatic bilateral vagotomy, Gautron and others
(2011) qualitatively reported a complete loss of fluorescent labeled nerve axons and
terminals in the mucosa of the most proximal duodenum, but not in the stomach or
intestinal muscle wall. The complete loss of labeled mucosa fibers in the duodenum has
suggested this mouse model as a potential tool to selectively label the vagal mucosal
afferents in the GI tract, but further characterization is necessary. If Gautron and others
(2011) initial findings hold for the entire length of the small intestine when using more
sensitive characterization techniques, this mouse model has the potential to be the first in
vivo tool to selectively label vagal mucosal afferents.
In the current experiment, a quantitative approach was used to validate the
Nav1.8-Cre-tdTomato transgenic mouse model as a potential tool to selectively label and
characterize the vagal sensory afferents in the mucosa of the small intestine. Previous
researchers have primarily focused on the first couple centimeters of the small intestine,
but because different regions of this organ have different functions and express different
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hormones, and taste molecules, the vagal mucosal afferent neural plexus density and
distribution down the length of the entire small intestine was investigated. The present
experiment had two aims.
The first aim was to understand the origin(s) of the Nav1.8-Cre-tdTomato
mucosal afferents throughout the entire small intestine. Subdiaphragmatic bilateral
vagotomy was utilized to determine if and how much of the Nav1.8-Cre-tdTomato
labeled afferents in the mucosa were of vagal origin. Vagotomy is commonly utilized to
determine the contribution of the vagal nerve branches in gastrointestinal physiology.
Disrupting both the ventral and dorsal vagal nerve trunks immediately below the
diaphragm separates the afferent nerve fibers and terminals distal to the cautery site from
their cell bodies in the nodose ganglion. Separating the axons from the cell bodies causes
degeneration of the vagal axons and terminals and an elimination of the tdTomato
fluorescence in the vagal axons and terminals caudal to the site of cautery. Therefore,
any tdTomato-labeled neural processes present in the small intestine post-vagotomy are
likely not of vagal origin. Two different sham surgery techniques, varying in degree of
invasiveness, were used to help clarify and confirm the density and distribution of the
tdTomato-labeled afferents in Aim 2. Based on Gautron’s observation of a complete
elimination of tdTomato-labeled neuronal processes in the mucosa following
subdiaphragmatic vagotomy, we hypothesized the Nav1.8-Cre-tdTomato expression in
the intestinal mucosa would predominately be vagal in origin throughout the entire small
intestine.
The second aim was to quantitatively characterize the tdTomato-labeled
innervation throughout the small intestine. Based on previous density maps of vagal
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mechanoreceptors (Wang & Powley, 2000) and of hormones known to interact with
vagal terminals (Berthoud & Patterson, 1996; Blackshaw & Grundy, 1990; Zhang &
Ritter, 2012; Glatzle et al., 2003), as well as on previous histology experiments (Mei,
1985), we hypothesized that if the tdTomato-labeled neuronal processes were
predominately vagal in origin, the most proximal duodenum would be the most densely
innervated with the innervation gradually declining traveling distally towards the colon,
with a slight pick-up in innervation when approaching the ileocecal junction.
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METHODS

Subjects
Male 3.5-4 months of age Nav1.8-Cre-tdTomato mice were used. This age range
was used because 1) the esophagus of a mouse younger than 3.5 months was not as
developed in esophagus length which reduced the surgical working space significantly
and 2) a mouse older than 4 months had a greater amount of fat and connective tissue
around the liver, stomach, and esophagus which made the surgery more difficult to
perform. With permission of John Wood, head of the lab and creator of the Nav1.8-CretdTomato strain, Gautron and Elmquist, provided the first mice to the laboratory. Since
then, the mice have been bred for several generations in the laboratory. Briefly, Nav1.8Cre C57BL/6 homozygous mice were bred with homozygous Rosa tdTomato mice, to
create double heterozygous Nav1.8-Cre-tdTomato offspring. The tdTomato expression is
prevented by a loxP-flanked Stop cassette. The Nav1.8-Cre-expressing neurons excise
the Stop cassette. The crossing of Nav1.8-Cre mice to tdTomato reporter mice resulted
in offspring that have a restricted expression of tdTomato only in the Nav1.8-expressing
afferent cell bodies and their processes. Mice were group-housed (5 mice maximum per
cage) prior to experiments and maintained on a 12:12 hr light-dark cycle in a
temperature- and humidity-controlled environment. Mice had ab libitum access to food
(Envigo Tekland Global Diets 2018, Autoclaved, Crude Protein 18.6%, Fat 6.2%,
Carbohydrate 44.2%) and water unless stated otherwise. Mice were weighed each day
beginning on the day prior to surgery (day -1) and concluding on the day of sacrifice
(day 7). Mice were weighed prior to injection of any post-surgical or sacrificial drug. All
following procedures were run in sibling pairs to control for potential confounds. All
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procedures conformed to the policies set forth by Purdue Animal Care and Use
Committee.
Surgery
Once of age, littermates were singly housed and randomly assigned to 1 of the 4
experimental conditions: subdiaphragmatic bilateral vagotomy (VAGX, N = 22), low
invasive subdiaphragmatic vagotomy sham (LSHAM, N = 7), high invasive
subdiaphragmatic vagotomy sham (HSHAM, N = 7), or non-surgery control (CON, N =
19). Mice assigned to subdiaphragmatic bilateral vagotomy or either sham condition
were weighed and then fasted overnight the day prior to surgery (Day -1). Control mice
were weighed and left alone in the cage.
Subdiaphragmatic Bilateral Vagotomy
The day of surgery (Day 0) VAGX mice were anesthetized with an
intraperitoneal (i.p.) injection of ketamine hydrochloride (75mg/kg) and xylazine
(50mg/kg). Mice were laparotomized along the abdominal midline. With the aid of a
dissecting scope the ventral vagal trunk was isolated from the esophagus immediately
below the diaphragm. The trunk was then retracted off the esophagus all the way down
to the gastro-esophageal junction. As large of a portion as possible of the trunk,
including any bifurcations, were transected out using a cautery device (Aaron Medical,
High Temperature Cautery, Fine Tip, REF: AA01). This process was then repeated on
the dorsal vagal trunk. Cautery was utilized to reduce the probability of regeneration and
slow the growth of regenerating fibers. Mice were closed using 4-0 non-absorbable
polypropylene surgical suture (Ethicon Inc., V-5 17mm 1/2c TAPERCUT). The muscle
wall and skin layer were sutured separately using interrupted sutures. Immediately
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following closure, mice received .3 - .5ml 0.9% Sodium Chloride (Baxters Healthcare
Corporations, dependent on bodyweight) and post-operative drugs Baytril (enrofloxacin,
5mg/kg) and Buprenex (3% buprenorphine hydrochloride in sterile water, .05mL). Postoperative drugs were administered every 24 hours and continued for 72 hours postsurgery.
Low Invasive Subdiaphragmatic Bilateral Vagotomy Sham
Mice were anesthetized as described above for VAGX. Mice were laparotomized
along the abdominal midline. Surgical Q-tips soaked in 0.9% Sodium Chloride (Baxter
Healthcare Corporation) were used to gently agitate the esophagus, liver, stomach, and
intestines. Tissue was agitated for the average amount of surgical time to complete the
subdiphragmatic bilateral vagotomy. Mice were then closed as discussed above.
High Invasive Subdiaphragmatic Bilateral Vagotomy Sham
Mice were anesthetized as described above for VAGX. Mice were laparotomized
along the abdominal midline. With the aid of a dissecting scope the ventral and dorsal
vagal trunks were isolated from the esophagus immediately below the diaphragm.
Trunks were then retracted off the esophagus. Trunks were left intact and not transected
out. Mice were then closed as discussed above.
It is important to note that because both nerve trunks were left intact it was more
difficult to access and retract the dorsal branch in this sham condition than in the VAGX
condition. Therefore, there was much more handling of the nerve trunks and surrounding
tissues compared to the VAGX condition.
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Verification of Subdiaphragmatic Bilateral Vagotomy and Sham Surgeries
Mice were sacrificed on the 7th day post-surgery. The 7-day survival time was
chosen to balance the need to allow for complete degeneration of the vagal afferents
down the length of the entire small intestine (Gautron et al., 2011; Powley et al., 2005),
without allowing enough time for significant regeneration to occur (Powley et al., 2005;
Phillips et al., 2003), while keeping in mind the known effects of subdiaphragmatic
vagotomy on food intake and bodyweight.
To verify the completeness of the vagotomy, the esophagus and stomach were
stained using immunohistochemistry and analyzed. The criterion for a successful
vagotomy was that the esophageal tissue must not exhibit tdTomato fluorescence in any
major nerve bundles below the most rostral nerve stump. Sympathetic innervation is
primarily found only in T1-L2, suggesting very little if any spinal innervation in the
esophagus. Therefore, post-surgery, if there were labeled nerve bundles running along
the esophagus wall beyond the most rostral site of cautery, they were most likely of
vagal origin. It was expected that the vagal trunks and single fibers innervating the
esophagus arising above the rostral site of cautery would still be present and visible.
Therefore, mice with a complete absence of fluorescent nerve bundles traversing the
length of the abdominal esophagus below the rostral site of cautery were classified as a
successful vagotomy (Figures 1b, 1c). Animals that did not meet this criterion were
classified as unsuccessful and excluded from analysis. Overall, 22 subdiaphragmatic
bilateral surgeries were completed. Of the total 22 surgeries, 3 mice did not meet the
verification criteria described above and were excluded from analysis. Of the 19 mice
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that met verification criteria, the 16 with the most oral rostral-nerve-stump and the least
amount of regenerated fibers were included in the analysis (n = 16).
High (n = 6) and low (n = 6) invasive subdiaphragmatic bilateral vagotomy
shams were verified by an intact ventral and dorsal vagal nerve trunk and bifurcations. If
both the ventral and the dorsal trunks exhibited tdTomato fluorescence along the
esophagus wall that extended beyond the cardia of the stomach with no rips, tears, or
disruptions in the nerve trunks or bifurcations, the sham surgery was considered
successful. Animals that did not meet this criterion were classified as unsuccessful and
excluded from analysis. Overall, 2 sham mice died before the end of the 7-day survival
time. All other mice met the verification criteria.
Tissue Preparation
All 4 experimental conditions were fasted overnight (Day 6) the day prior to
sacrifice (Day 7). On day 7, between 0800 -1000, mice were deeply anesthetized with
Brevital (sodium methohexital 100mg/kg). Mice were transcardially perfused
(4mL/minute) with saline at room temperature for 10 minutes followed by ice cold 4%
paraformaldehyde (PF) made in phosphate buffered saline (PBS) for 30 minutes. During
saline perfusion, a cut exposing the lower abdominal cavity (stomach and intestines) was
made. A thin non-toxic polyethylene tube (Intramedic, Clay Adams, Becton Dickinson
and Company) attached to a syringe filled with ice cold 4% PF made in PBS was
threaded down the animal’s esophagus until it entered the stomach. The solution was
dispelled until the intestines were clearly expanded. Kimwipes soaked in saline were
placed over exposed abdominal organs to prevent dehydration. Following perfusion with
4% PF, the gastrointestinal tract (esophagus, stomach, small and large intestine) was
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harvested an intact unit. To unravel the intestines, surgical scissors were used to snip the
connective tissue that binds the intestine/s. The harvested GI tract was stored in a conical
tube containing 4% PF made in PBS overnight at 4 ̊C. The following day, the tissue was
flushed with and transferred to 15% sucrose made in PBS for two hours at 4 ̊C.
Concluding the 2 hours, the tissue was flushed with and transferred to 30% sucrose made
in PBS and stored overnight at 4 ̊C. The next day the small intestine was stretched taught
in a hollowed-out lane in an ice-cold agar mold (13% agar made in DI water). The
hollowed-out lane was filled with ice cold PBS (Figure 2). To stretch the small intestine
taught for accurate tissue collection (discussed below), a dissecting pin was placed
through the stomach into the agar to anchor the tissue. With the proximal intestine
anchored, forceps were used to grip the cecum to pull the small intestine straight without
kinks (Figure 2). The cecum was then anchored to the agar using a dissecting pin. Using
forceps, pieces of the mesenteric attachment in the small intestine were gently tugged in
an aboral manner to stretch the intestine taught. Once the tugs resulted in no further
lengthening of the intestine, and instead a slight backwards retraction, the intestine was
deemed to be stretched to capacity. After being stretched to capacity, the small intestine
was measured and visually segmented into its respective compartments of duodenum,
jejunum, ileum using a 1:3:2 ratio (Duan et al., 2004, Wang et al., 2007), respectively,
with the pylorus as the zero mark and the ileocecal junction designating the end of the
small intestine. The ratio collection method was employed to account for possible
variations in overall intestine length between mice and/or experimental conditions. Once
stretched to capacity, the small intestine was injected, to expansion, with a PBS: Optimal
Cutting Temperature (OCT) (Sakura Tissue Tek) (1:1) mixture. Tissue Blocks, 1
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centimeter (cm) in length, were sutured closed (3-0 Black Braided Silk) based on
preselected collection sites (discussed below). Each 1cm piece of tissue was transferred
to a mold (Polysciences, Inc., Peel-A-Way Disposable Embedding Molds (T-8)
Truncated, 22mm square top tapered to 8mm, Cat# 18985) filled with OCT and frozen in
isopentane cooled in liquid nitrogen. All tissue blocks were stored at -80 ̊C until it was
sectioned.
The esophagus and stomach were processed as whole mounts for the verification
of the subdiaphragmatic bilateral vagotomy or sham surgical procedures (discussed
above). The entire esophagus was harvested 1) to visualize the entire trunks as they
coursed along the muscle wall, and 2) to avoid handling and disrupting the abdominal
portion of the vagal trunks that were to be inspected. The tissue underwent the same
fluorescence IHC staining as vagal afferents (discussed below) except as free floating
whole mounts.
Collection Strategy
There were 13 collection sites along the length of the small intestine (Figure 3).
Tissue was harvested from all 13 collection sites in the CON and VAGX experimental
conditions, and a subset of the 13 (Blocks 1, 2, 3, 5, 7, 8, 10, 13) were harvested from for
the LSHAM and HSHAM experimental conditions. This subset of 8, was chosen to have
a well distributed sampling spread down the length of the intestine.
The locations of collection sites were largely driven off the desire for equal
sampling down the length of the small intestine, as well as the desire to sample
previously suggested vagal “hot-spots” from within each compartment of the intestine
(Berthoud and Patterson, 1996; Wang and Powley, 2000). Berthoud and Patterson’s
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distribution map of CCK receptors suggested the proximal duodenum, the most proximal
¼ of the jejunum, and the most distal end ileum as potential sites of dense vagal mucosal
afferent innervation. Wang and Powley’s distribution map of vagal intraganglionic
laminar ending mechanoreceptors (IGLE) in the intestinal wall, corroborated with the
CCK distribution map of the duodenum as a potential site of dense vagal mucosal
afferent innervation.
To ensure, proportionally, the same 1cm intestinal tissue blocks were harvested
from each mouse, the small intestine was visually segmented into its three respective
compartments – duodenum, jejunum, ileum. Because there is no agreed upon
demarcations in the mouse model of the three intestinal compartments, a mathematical
approach was employed to increase inter-study translation. The entire duodenum was
harvested. A total of 4, 1cm frozen tissue blocks (most rostral, rostral medial, caudal
medial, and most distal) were collected from the duodenum. The jejunum and ileum
were further subdivided from the initial 1:3:2 ratio. The jejunum was divided into
fourths; the two most proximal 1cm tissue blocks from the first fourth and the most
medial 1cm tissue block from each remaining fourth were harvested. The ileum was
divided into thirds with the most medial 1cm tissue block collected from the first and
second third, and two most distal 1cm tissue blocks were collected from the last third.
There were 13 total collection sites, but only 5, 1cm tissue blocks were collected
from each mouse. A random number sequence generator was used to decided which 5
blocks from each mouse. All 13 1cm tissue blocks were not collected from each mouse
to preserve and maintain tissue quality. Mice were always run in sibling pairs with one
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assigned to control and the other assigned to an experimental condition. The same 5
blocks were collected from each mouse of the pair.
Sectioning
At least 24 hours after freezing the 1cm tissue block, 30um cross-sections were
harvested and directly mounted on gelatin-coated slides. There were 4 harvesting sites
within each 1cm frozen tissue block. The 4 harvesting sites within each block were
denoted by every 83rd section or every 2,490um. This allowed for even sampling within
each 1 cm frozen tissue block and even sampling from the same regions between each
animal. At each of the four harvesting sites, eight sequential 30 um tissue sections were
mounted on gelatin-coated slides. Gulbinowicz and others (2004) reported 80microns as
the average width of a mouse villus. Therefore, eight 30 um cryostat sections resulted in
serial and complete visualization of the same and neighboring villi for a more complete
representation of the nerve innervation density at each of the 13 collection sites. It is
important to note, sections were not collected until whole intestinal rings were able to be
harvested. A total of 32 tissue sections were collected from each 1cm frozen tissue
block, mounted on gelatin-coated slides, and stained using IHC. Because mice were
always processed in pairs, a total of 64 sections were harvested for each IHC run and
quantification analysis. It is important to note, the entire sectioning process per block
was completed in under 30 minutes to preserve the integrity and quality of the tissue.
Immunohistochemistry
All tissue was processed at room temperature unless stated otherwise. Following
harvesting, gelatin-coated slides were placed under a hood to dry for the remaining time
left of the allotted 30-minute sectioning time limit. While in the hood, a Pap pen (Vector
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Laboratories Inc., ImmEdge Pen, Cat. No. H-4000) was used to trace a box around each
individual tissue section. Following the 30 minutes, slides were placed in a humidified
chamber with 4% PF aliquoted onto each section for 15 minutes, followed by 3x10
minute cold PBS washes. Slides were then placed under a hood to dry for 30 minutes,
followed by 1x10 minute cold PBS wash in the humidified chamber. After the PBS
wash, fresh blocking buffer [0.5% phosphate-buffered saline/triton (PBST), 5% normal
goat serum (NGS), 0.08% Sodium Azide, 2% bovine serum albumin (BSA)] was
aliquoted onto each tissue section for 1 hour. Primary antibody for tdTomato protein,
DsRed, (The Living Colors DsRed Polyclonal Antibody – Rabbit, Clontech, 632496)
diluted in blocking buffer to a final concentration of 1:1500, was aliquoted onto each
individual tissue section and incubated overnight (Table 1). The following day, slides
were taken through 3x10 minute cold PBS washes. Secondary antibody, Cy3, (Cy3conjugated AffiniPure Goat Anti-Rabbit IgG, Jackson ImmunoResearch, 111-165-003)
stored in glycerin was diluted in blocking buffer to a concentration of 1:300 and applied
to the tissue sections for 2 hours, followed by 3x10 minute cold PBS washes. After
initial application of secondary antibody, all slides were kept in the dark to prevent a
reduction in fluorescent signal intensity. Slides were cover-slipped using glycerin
(Mallinckrodt) and sealed with clear nail polish (L.A. Colors, Cat# 72180). All slides
were stored in the dark at 4 ̊C until further analysis (discussed below).
The specificity of the primary antibody was tested each run using the same
procedure as above, except the blocking buffer was not replaced with primary antibody
overnight. Slides were examined and compared to non-test slides for staining and nonspecific binding prior to quantitative analysis.
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Quantitative Measures
All quantification measurements were completed by a single researcher blind to
the experimental conditions. In real time, the quantification measurements were vocally
recorded to speed up the quantification process to reduce fluorescent fading. The vocal
recordings were then played back to retrieve the data for analysis.
All quantification measures were completed within 48 hours or less of the slides
being coverslipped to further minimize the confound of fluorescent fading. Sections that
met the criteria below were counted and quantified for further analysis. Criteria included
sections must 1) have at minimum ten intact villi, 2) little folding or sectioning damage
that might complicate counting the fibers, 3) a distinguishable mesenteric attachment, 4)
little background staining, and 5) no obvious right to left or top to bottom staining
gradation due to uneven staining. A maximum of 2 sections were quantified at each of
the 4 harvesting sites within a 1cm frozen tissue block. A maximum of 8 and a minimum
of 5 sections were counted per 1cm tissue block per mouse.
To characterize the pattern and density of the tdTomato-labeled nerve
innervation in the mucosa, 5 different features of the innervation was quantified. These 5
features included: the number of axons entering the villus base, the number of terminal
branches at midway up the villus, the number of crypts associated with labeled fibers,
the width of the villus, and the height of the villus. A 2mm x 2mm ocular grid composed
of 10 .2mm x .2mm boxes was used to complete each count.
The number of axons entering each villus was assessed at the basal pole of each
villus. Axons were counted by placing an ocular gridline at the base of each villus, flush
with the basal pole of the epithelial wall and oriented perpendicular to the long axis of
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the villus. A single axon was counted as entering the villus base if the axon traveled past
the gridline and up the villus. If the axon sent out collaterals prior to crossing the
gridline, the number of collaterals crossing the gridline were counted as individual
axons. If the axon crossed the gridline and then sent out collaterals, only the single axon
crossing the gridline was counted as entering the base of the villus. Each villus was
counted independently of neighboring villi. Therefore, it is possible an axon may have
been counted more than once if it innervated more than 1 villus.
Axons that entered the villi typically branched as they ascended the length of the
villus towards the apical pole. To get an estimate of these branches, the basal gridline
discussed above was moved midway up the villus’s height (orientation of gridline was
kept constant). The number of terminal branches that crossed the ocular gridline were
counted. To estimate the vagal terminal branch density, the length of the mid-height line,
representing the distance between the opposing villus mid-height epithelial basal poles
was recorded. The reason for defining the villus mid-height width in this manner was
because vagal terminals have typically been shown to approach, but not enter or cross
the villus epithelial wall.
The crypt innervation was only partially visible in the intestinal cross-sections
which made it difficult to determine if a fiber that passed by a crypt formed a nerve
termination on the crypt or not. Therefore, those fibers that were in close apposition with
a crypt were classified as “crypts associated with fibers”. Due to the density of fibers in
contact with the crypts, the number of crypts in each intestinal cross-section, and the
limitation in deciphering the terminal site(s) of the fibers, the crypts were scored in a
bimodal manner; ‘yes’ indicating the crypt appeared to be associated with innervation or
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‘no’ indicating the crypt did not have fibers in close apposition. There was no attempt to
determine if the crypts were innervated by multiple axons or to determine the amount of
innervation.
The height and width of each villus was measured using the grid boxes of the
ocular grid. The edge of ocular grid was place at the base of each villus, flush with the
basal pole of the villus and oriented perpendicular to the long axis. The number of gridboxes through which the villus passed along both the horizontal (width) and vertical
(height) axis were counted and recorded. Each grid box was visually subdivided into
fourths to account for variation in villus height and width.
Microscopy
Standard fluorescence microscopy (200x) was utilized to identify Cy3
fluorescently stained neuronal processes. Standard filter sets (Leica DM5000
microscope; fluorescence filter cube Y3) were used to visualize the Nav1.8-CretdTomato stained axons, terminals, and fibers. Quantification of tdTomato-labeled
neural processes in each section were completed in the same systematic, repeatable
manner from animal-to-animal to minimize any effects of fluorescence fading. All villi
quantifications were always performed first, and were then followed by the crypt
quantification. Quantification always flowed from Quadrant 1, to Quadrant 2, to
Quadrant 4, and then to Quadrant 3 (Figure 4).
Statistics
The data was normalized to account for between and within group differences in
the number of sections quantified and in the number of villi counted within each
intestinal cross-section. The data was normalized so that each section, and in turn
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animal, carried equal weight in the analyses. The data was normalized in a series of steps
with each of the 5 quantification measures (above) normalized in the same manner, but
independently of each other. The first step in normalizing the data was to average the
raw data of each section independently. For example, for “CON mouse 1- block 1 axon
villus base entries”, 8 sections were quantified (Sections 1-8). Each section was
composed of the raw number of axon base entries for each villus within that crosssection. The raw number of axon villus base entries for section 1 were averaged, the raw
number of axon villus base entries for section 2 were averaged, and so on for all 8
sections. Therefore, for “CON mouse 1 - block 1 axon villus base entries”, there were 8
separate averages representing the 8 different sections quantified. The 8 averages were
then averaged together, resulting in a single average for “CON mouse 1 – Block 1 axon
villus base entries”. This process was repeated for all 5 CON mice at the Block 1
collection site, resulting in a total of 5 averages at Block 1 for the CON condition. These
5 averages, representing the sample size of 5 animals/collection site, were then averaged,
resulting in the mean amount of axon villus base entries for CON mice at Block 1.
The data was normalized when collapsing the collection sites (Blocks 1-13) into
their respective compartments within the intestine by first averaging the 5 averages at
each collection. Then, the 4 averages that comprised the duodenum (Blocks 1-4) were
averaged, the 5 averages that comprised the jejunum (Blocks 5-9) were averaged, and
the 4 averages that comprised the ileum (Blocks 10-13) were averaged. This resulted in
the final mean average for the 3 respective intestinal compartments.
For all statistical tests, results are expressed as mean +/- SEM with alpha set to
0.05. All assumptions were checked for statistical tests and adjustments were made as
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needed. A One-way ANOVA with Tukey’s post hoc test was run for intestine length
with experimental condition as the independent variable (IV) and intestine length as the
dependent variable (DV). For all other measures, a 2x2 mixed ANOVA with Tukey’s
post hoc tests or independent samples t-tests, where more appropriate, with Bonferroni
adjustments were performed in SPSS (IBM SPSS Statistics 23). Paired-samples t-tests
were used to compare within collection site or intestine compartment differences in
CON mice. The IV in all 2x2 mixed ANOVAs was the experimental condition. The DVs
were: bodyweight, the mean number of axons entering the base of a villus, the mean
number of terminal branches midway up the villus, the mean number of crypts
associated with fibers, the width of the villus, the height of the villus, and the intestinal
compartments on each measure.
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RESULTS

Bodyweight
Over the 9-day experimental time-period, there was a significant main effect of
day [F(8, 24) = 26.78, p < .05], and experimental condition (CON, VAGX, LSHAM,
HSHAM) [F(3, 42) = 8.11, p < .05], as well as a significant interaction of experimental
condition x day [F(24, 36) = 11.70, p < .05] (Figures 5a, 5b). There was not an overall
effect of surgical manipulation on body weight across the 9 days (Figure 5c).
There was not a significant difference in bodyweight between the 4 experimental
conditions the day prior to surgery (Day -1) (CON: 31.02 ± .72g, VAGX: 29.72 ± .79g,
LSHAM: 29.11 ± 1.28g, HSHAM 31.96 ± 1.41g) (Figures 5a, 5b). VAGX, LSHAM,
and HSHAM mice showed a similar pattern in bodyweight from the day prior to surgery
(Day -1) to one day post-surgery (Day 1) (Figure 5b). As expected due to the overnight
fasting, VAGX, LSHAM, and HSHAM mice exhibited a significant loss of bodyweight
from the day prior to surgery (Day -1) to the day of surgery (Day 0), and a similar trend
of a slight increase in bodyweight the day following surgery (Day 1). The three
experimental conditions diverged in bodyweight pattern two days following surgery
(Figure 5b). The LSHAM and HSHAM mice continued a trend of an increase in
bodyweight, and had no significant overall loss of bodyweight. The VAGX mice
continued to decrease in bodyweight, with a significant 16% maximum loss in
bodyweight three days post-surgery (Day 3) (24.87 ± .7 g). The three days before
sacrifice (Days 5-7), VAGX mice exhibited a significant increase in bodyweight for an
overall significant 8% loss in body weight on the day of sacrifice (Day 7). At the end of
the 9-day experimental period (Day 7), there was a significant difference in bodyweight
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between CON (29.97 ± .56 g) and VAGX mice (27.25 ± .61g), only (Figure 5a). No
other experimental conditions were significantly different from each other on Day 7
(Figure 5b).
Intestine Length
A one-way ANOVA revealed a significant effect on intestine length between
experimental condition (CON, VAGX, LSHAM, HSHAM) [F(3,42) = 3.4, p = .026]. A
Tukey post-hoc analysis revealed no significant differences between CON (M 38.61 ±
SE .5 cm), VAGX (M 37.33 ± SE .87 cm), LSHAM (M 35.20 ± SE 1.38 cm), HSHAM
(M 35.14 ± SE .62 cm) (Figure 6). The discrepancy between the ANOVA and post hoc
test was due to a single outlier in the LSHAM condition. When excluding the outlier,
there was no longer a significant effect of experimental condition on intestine length
[F(3,41) = 2.701, p > .05].
Discrepancy in intestine length was accounted for in the collection methodology.
Therefore, this mouse was not excluded from further analyses. All analyses were run
both including and excluding the outlier to make sure nothing was inherently wrong with
the mouse (data not shown). There were no discrepancies between the tests with and
without the outlier, so only the tests including the outlier mouse were reported.
Aim 1
The first aim was to determine if, and how much of the tdTomato-labeled axons
and terminals in the villi, and fibers in the crypts of the small intestinal mucosa were of
vagal origin. Subdiaphragmatic bilateral vagotomy was utilized to investigate the
origin(s) of tdTomato-labeled neuronal processes throughout the small intestine. Two
different sham surgery techniques were employed to help clarify and confirm the density
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and distribution of the tdTomato-labeled afferents in the CON mice, and that the change
in innervation post-vagotomy was not an effect of surgical manipulation.
Significant Reduction of tdTomato-Labeled Nerves Following Subdiaphragmatic
Bilateral Vagotomy at all 13 Collection Sites Compared to CON Mice
There was a significant main effect of experimental condition (CON vs. VAGX)
in the mean number of tdTomato-labeled axons entering the base of a villus [F(1, 8) =
876.38, p < .05], in the mean number of tdTomato-labeled terminal branch crossings at a
villus mid-height line [F(1, 8) = 474.36, p < .05], and in the mean number of tdTomatolabeled fibers associated with crypts [F(1, 8) = 206.94, p < .05) (Figures 9a, 10a, 11a,
respectively). Averaging across the 13 collection sites, the tdTomato-labeled nerves in
VAGX mice were significantly reduced by 70% in the mean number of axons entering
the base of a villus, by 75% in the mean number of terminal branch crossings at a midheight villus line, and by 36% in the mean number of crypts associated with fibers
compared to CON mice.
There was also a significant main effect of collection site (Blocks 1-13; discussed
below in Aim 2) in the mean number of axons entering the base of a villus, the mean
number of terminal branch crossings midway up a villus, and the mean number of crypts
associated with fibers.
There was a significant interaction of experimental condition (CON vs. VAGX)
x collection site in all three quantitative measures. At all 13 collection sites,
subdiaphragmatic bilateral VAGX significantly reduced the mean number of tdTomatolabeled axons entering the base of a villus [(F(12, 96) = 61.82, p < .05] (Figure 9a), the
mean number of tdTomato-labeled terminal branches at a villus mid-height line [(F(12,
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96) = 33.863, p < .05] (Figure 10a), and the mean number of tdTomato-labeled fibers
associated with crypts [F(12, 96) = 2.648, p < .05] (Figure 11a) compared to CON mice.
VAGX mice exhibited the greatest loss of label in the most rostral duodenum (Block 1)
compared to CON mice and all other collection sites (Figures 7a-7c, 8a -8b, 9a, 10a,
11a). VAGX mice exhibited a significant 91% loss of tdTomato-labeled axons entering
the base of the villus (Block 1 CON: 4.44 ± .25 vs. Block 1 VAGX: .38 ± .03), a 93%
loss of tdTomato-labeled terminal branch crossings at a villus mid-height line (Block 1
CON: 5.26 ± .53 vs. Block 1 VAGX: .35 ± .18), and a 48% loss of tdTomato-labeled
fibers associated with crypts (Block 1 CON: 95% ± 2% vs. Block 1 VAGX: 49% ± .5%)
in the most rostral duodenum. In the most distal ileum (Block 13), VAGX mice had a
significant 72% loss of tdTomato-labeled axons entering the base of the villus (Block 13
CON: .99 ± .12 vs. VAGX: .28 ± .06), a 65% loss of tdTomato-labeled terminal branch
crossings at a villus mid-height line by (Block 13 CON: .94 ± .1 vs. VAGX: .33 ± .07),
and a 45% loss of tdTomato-labeled fibers associated with crypts (Block 13 CON: 63%
± 4% vs. VAGX: 33% ± 3%) (Figures 7d-7f, 9a, 10a, 11a).
The 13 collections sites were collapsed into their respective compartments within
the intestine to compare the innervation and distribution pattern between and within the
duodenum, the jejunum, and the ileum. When collapsing the 13 collection sites into their
respective compartments, there was a significant reduction in the mean number of
tdTomato-labeled axons entering the base of the villus in VAGX mice in the duodenum
by 82% (.48 ± .04), in the jejunum by 72% (.31 ± .03), and in the ileum by 65% (.29 ±
.01) compared to CON mice (2.67 ± .69, 1.11 ± .21, .82 ± .07, respectively) (Figure 9c).
There was a significant reduction in the mean number of terminal branch crossings at a
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villus mid-height line in VAGX mice in the duodenum by 87% (.44 ± .04), in the
jejunum by 79% (.33 ± .02), and in the ileum by 65% (.3 ± .03) compared to CON mice
(3.36 ± .7, 1.56 ± 3, .86 ± .1, respectively) (Figure 10c). There was a significant
reduction in the mean number crypts in close apposition to tdTomato-labeled fibers in
VAGX mice in the duodenum by 37% (.52 ± .02), in the jejunum by 35% (.44 ± .02),
and in the ileum by 38% (.36 ± .03) compared to CON mice (.82 ± .05, .68 ± .05, .58 ±
.03, respectively) (Figure 11d).
Low and High Invasive Sham Experimental Conditions Were Combined
There was a significant main effect of collection site in the mean number of
tdTomato-labeled axons entering the base of a villus [F(7, 28) = 65.13, p < .05], the
mean number of tdTomato-labeled terminal branch crossings at a villus mid-height line
[F(7, 28) = 26.62, p < .05], and the mean number of tdTomato-labeled fibers associated
with crypts [F(7, 28) = 31.88, p < .05]. There was not a significant main effect of
experimental condition (LSHAM, HSHAM) [F(1, 4) = 2.15, p = .22; F(1, 4) = 1.88, p =
2.4; F(1, 4) = 5.44, p = .80, respectively], or a significant interaction of experimental
condition (LSHAM, HSHAM) x collection site [F(7, 28) = .524, p = .81; F(7, 28) =
.703, p = .67; F(7, 28) = .418, p = .42, respectively]. Therefore, the two sham conditions
were combined (LHSHAM).
Low-High Invasive Sham Surgery Mice Exhibited no Significant Difference in
tdTomato-Labeled Axons, Terminal Branches, or Fibers Compared to CON Mice
The significant loss of tdTomato-labeled nerves following subdiphragmatic
bilateral vagotomy was not observed following the low-high invasive sham surgeries.
There was not a significant main effect of experimental condition (LHSHAM vs. CON)
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in the mean number of tdTomato-labeled axons entering the base of a villus [F(1, 9) =
.50, p > .05] (Figure 9d), the mean number of tdTomato-labeled terminal branch
crossings at a villus mid-height line [F(1, 9) = 2.82, p > .05] (Figure 10d), and the mean
number of tdTomato-labeled fibers associated with crypts [F(1, 9) = .08, p > .05) (Figure
11c).
There was a significant main effect of collection site (Blocks 1-8; discussed
below in Aim 2) in the mean number of axons entering the base of a villus, the mean
number of terminal branch crossings midway up a villus, and the mean number of crypts
associated with fibers.
There was significant interaction of experimental condition (CON, LHSHAM) x
collection site at all 8 collection sites in the mean number of tdTomato-labeled axons
entering the base of a villus [F(7, 63) = 2.23, p =.04], the mean number of tdTomatolabeled terminal branches at a villus mid-height line [F(7, 63) = 3.20, p = .01], and the
mean number of tdTomato-labeled fibers associated with crypts [F(7, 63) = 0.62, p =
.74]. Post-hoc independent samples t-tests revealed no significant differences between
LHSHAM and CON mice at any of the 8 collection sites in the mean number of
tdTomato-labeled axons entering the base of a villus (Figure 9d) or the mean number of
tdTomato-labeled fibers associated with crypts (Figure 11c). In the most rostral
duodenum (Block 1), there was a significant reduction (p = .05) in the mean number of
tdTomato-labeled terminal branches at a villus mid-height line between LHSHAM
(Block 1 LHSHAM: 3.75 ± .43) and CON mice (Block 1 CON: 5.26 ± .53) (Figure 10d).
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General Surgical Manipulation did not Account for the Significant Loss of
tdTomato-Labeled Axons, Terminal Branches, or Fibers Following
Subdiaphragmatic Bilateral Vagotomy
Similar to the results of CON vs. VAGX, there was a significant main effect of
experimental condition (VAGX vs. LHSHAM) in the mean number of tdTomato-labeled
axons entering the base of a villus [F (1, 9) = 85.16, p < .05] (Figure 9d), the mean
number of tdTomato-labeled termina branches at a villus mid-height line [F(1, 9) =
111.11, p < .05] (Figure 10d), and the mean number of tdTomato-labeled fibers
associated with crypts [F(1, 9) = 83.31, p < .05) (Figure 11c).
There was also a significant main effect of collection site (Blocks 1-8; discussed
below in aim 2) in the mean number of axons entering the base of a villus, the mean
number of terminal branch crossings midway up a villus, and the mean number of crypts
associated with fibers.
There was a significant interaction of experimental condition (VAGX vs.
LHSHAM) x collection site at all 8 collection sites in the mean number of tdTomatolabeled axons entering the base of a villus [(F(7, 63) = 44.59, p < .05] (Figure 9d), the
mean number of tdTomato-labeled terminal branches at a villus mid-height line [F(7, 63)
= 22.68, p < .05] (Figure 10d), and the mean number of tdTomato-labeled fibers
associated with crypts [F(7, 63) = 4.6, p < .05] (Figure 11c).
Surviving Fibers in VAGX Mice are Morphologically Different Than the Majority
of tdTomato-Labeled Nerves in CON Mice; Most Likely DRG Spinal Afferents
Qualitatively, the surviving mucosal afferents in the villi also appeared to have
morphological features different from most of the labeled axons, terminals, and fibers in
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the CON and LHSHAM mice (Figure 7), as well as from previous descriptions of vagal
afferents (Berthoud et al., 1995; Powley et al., 2011). In the present study, most of the
mucosal afferents innervating the villi and crypts in the CON and LHSHAM
experimental condition were smoother in appearance and larger in diameter compared to
most of the surviving afferents in VAGX mice which appeared to be much thinner and
varicose in appearance (Figures 7a, 7b, 7d, 7e).
Following Subdiaphragmatic Bilateral Vagotomy the Villi Exhibited a Trend
Towards Overgrowth in Height and Width
There was a significant main effect of experimental condition (CON, VAGX) at
all 13 collection sites in villus height [F(1, 8) = 10.42, p = .01] (Figure 13a) and villus
width [F(1, 8) = 10.41, p = .01] (Figure 12a), and in the subset of 8 collection sites
(CON, VAGX, LHSHAM) [F(1, 13) = 4.01, p = .04; F(1, 13) = 6.32, p = .01,
respectively] (Figures 13b, 12b). VAGX mice had a significant increase in the height (p
= .01) and the width (p = .01) of the villi when averaging across the 13 collection sites
compared to CON mice. VAGX mice had a significant increase in villus width, only,
when averaging across the 8 collection sites compared to CON (p = .02) and LHSHAM
(p = .03) mice.
There was also a significant main effect of collection sites (discussed below in
Aim 2) in villus height [F(12, 96) = 154.13, p < .05] and villus width [F(7, 91) = 259.04,
p < .05] at all 13 collections sites, and in the subset of 8 collection sites [F(12, 96) =
42.04, p < .05; F(7, 91) = 71.31, p < .05, respectively].
There was not a significant interaction of experimental condition (CON, VAGX)
x villus height [F(12, 96) = 1.28, p = .24], or experimental condition (CON, VAGX) x
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villus width [F(12, 96) = 1.46, p = .15] in the 13 collection sites (Figures 13a, 12a).
There was also not a significant interaction of experimental condition (CON, VAGX,
LHSHAM) x villus height [F(14, 91) = 1.25, p = .26], or experimental condition (CON,
VAGX, LHSHAM) x villus width [F(14, 91) = 1.26, p = .23] in the 8 collection sites
(Figures 13b, 12b).
When collapsing the 13 collection sites into their respective compartment within
the intestine - duodenum, jejunum, and ileum – there was a significant main effect of
intestine compartment on villus width [F(2, 16) = 33.19, p < .05], and villus height [F(2,
16) = 90.42, p < .05]. There was not a significant main effect of experimental condition
(CON, VAGX) on villus width [F(1, 8) = 1.57, p = .25] or villus height [F(1, 8) = 0.97,
p =.35]. There was also not a significant interaction in villus width x experimental
condition (CON vs. VAGX) [F(2, 16) = 0.61, p = .56] (Figure 12c) or villus height x
experimental condition (CON vs. VAGX) [F(2,16) = .35, p = .71] (Figure 13c).
Aim 2
The second aim was to quantitatively describe the density and distribution of the
tdTomato-labeled mucosal nerve innervation down the length of the mouse small
intestine. Because there was a loss, but not complete elimination of tdTomato-labeled
neuronal components following vagotomy, to estimate and characterize the percent of
innervation that was vagal, the mean values for each measure of VAGX innervation was
subtracted from the mean values for each measure of CON innervation at each collection
site. Given that the VAGX innervation was relatively stable down the length of the
intestine, the CON innervation pattern and distribution, and the estimate of the vagal
innervation pattern and distribution are similar. Below the CON tdTomato-labeled villi
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innervation is quantitatively analyzed. The estimate of the vagal innervation is discussed
in the following section.
CON and LHSHAM Mucosal Afferent Innervation Pattern is Quadratic in Shape,
While VAGX Mucosa Innervation Pattern is Linear
The pattern and distribution of the tdTomato villus and crypt label down the
length of the small intestine in CON and in LHSHAM mice was different than the
pattern and distribution of the surviving label in VAGX mice (Figures 9b, 10b, 11b).
As eluded to previously, there was a significant main effect of collection site in
CON and LHSHAM mice on all 3 quantification measures (i.e. - axons, terminal branch
crossings, and crypts associated with fibers). Despite the slight fluctuations in the
amount of innervation at each collection site between CON and LHSHAM mice on the 3
quantification measures, the tdTomato-labeled nerve innervation pattern and distribution
of the two conditions mirrored each other. CON mice had a distinct and significant
proximal to distal decrease in the mean number of axons [F(12, 48) = 84.75, p < .05]
(Figures 9b, 9c) and terminal branch crossings [F(12, 48) = 38.23, p < .05] (Figure 10b,
10c) in the villi, and while not as prominent, a significant proximal to distal decrease in
crypts associated with fibers [F(12, 48) = 16.02, p < .05] (Figures 11b, 11d). LHSHAM
mice also exhibited a similar, distinct, and significant proximal to distal decrease in the
mean number of axons [F(7, 35) = 71.99, p < .05] (Figure 9d) and terminal branch
crossings [F(7, 35) = 28.30, p < .05] (Figure 10d) in the villi, as well as a less prominent
but significant proximal to distal decrease in crypts associated with fibers [F(7, 35) =
31.54, p < .05] (Figure 11c). Both CON and LHSHAM mice exhibited a quadratic
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innervation and distribution pattern in their tdTomato-labeled axons, terminal branch
crossings, and crypts associated with fibers.
The surviving villus and crypt tdTomato-labeled nerves in VAGX mice was
relatively stable proximal to distal and non-significant in the mean number of axons
[F(12, 48) = 3.12, p = .10] (Figure 9b) and terminals [F(12, 48) = 1.94, p = .17] (Figure
10b) across the 13 collection sites. There was a significant effect of collection site on the
surviving crypts associated with fibers [F(12, 28) = 4.64, p = .02] (Figure 11b). VAGX
mice exhibited a linear innervation distribution pattern in their tdTomato-labeled axons
and terminal branch crossings.
Duodenum had the Greatest Amount of Villus Mucosa Innervation; Exhibited a
Proximal to Distal Decrease in Innervation in CON Mice
The duodenum (Blocks 1-4) had a significantly greater amount of villus
innervation in the mean number of axons entering the base of the villus and terminal
branch crossings at a villus mid-height line than the jejunum (Blocks 5-9) (t = 3.81, p =
.02; t =4.00, p = .02, respectively) and ileum (Blocks 10-13) (t = 3.49, p = .03; t = 5.06,
p = .01) (Figures 9c, 10c). The duodenum, the first 5-7 centimeters, accounted for 58%
of the total amount of tdTomato-labeled axons entering a villus base and terminal branch
crossings mid-way up a villus in the entire small intestine. The 4 collection sites that
comprised the duodenum (Blocks 1-4) also exhibited the steepest proximal to distal
decline in innervation compared to the collection sites in the jejunum and in the ileum
(Figures 9b, 10b). The most rostral duodenum (Block 1) composed the greatest
percentage of axons entering the base of the villus (42%) and terminal branch crossings
(39%) of the total amount of axon entries and terminal branch crossings in duodenum
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(Villus Axons: Block 2 – 29%, Block 3 – 12%, Block 4 – 17%; Terminal Branches:
Block 2 – 27%, Block 3 – 17%, Block 4 – 18%).
Other than the caudal medial duodenum (Block 3) to the caudal duodenum
(Block 4), all other sequential collections sites within the duodenum had significant
reduction in the mean number of axons entering the base of the villus (Figure 9b, Table
2). The mean number of terminal branch crossings exhibited a similar significant pattern
of effect, except that the rostral medial duodenum (Block 2) was not significantly
different from the most caudal duodenum (Block 4) (Figure 10b, Table 3).
In CON mice, there was a significant dip in the mean number of axons entering
the base of a villus and in the mean number of terminal branch crossings at a villus midheight line in the caudal medial duodenum (Block 3) compared to the rostral medial
duodenum (Block 2), but not the most rostral duodenum (Block 4) (Figures 9b, 10b,
Tables 2-3). This significant dip in label diminished when looking at the estimate of the
vagal terminal branch crossings at a villus mid-height line, but not in the estimate of
vagal axons entering the base of the villus (CON - VAGX) (Figures 9a, 9b and Figures
10a, 10b). This discrepancy suggests a larger decrease in the number of vagal afferents
innervating the caudal medial duodenum rather than a change in the amount of
innervation within the villi.
Rostral Jejunum Exhibited a Stable Innervation Pattern, While the Caudal
Jejunum Exhibited a Proximal to Distal Decline in Innervation Pattern in
CON Mice
The jejunum, the approximately 16-21 cm in the middle of the small intestine,
accounted for 24% of the total amount of tdTomato-labeled axons entering the villus
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base and 27% of the total amount of terminal branch crossings mid-way up the villus in
the entire small intestine. Despite the villus innervation in the more rostral jejunum
being relatively stable, overall, the 5 collection sites that comprised the jejunum (Blocks
5-9) exhibited a proximal to distal decline in villus mucosal afferent innervation. Similar
to the duodenum, the most rostral jejunum (Blocks 5-6) had the most innervation making
up 58% of the total percentage of tdTomato-labeled axons entering the base of a villus
and 57% of the total percentage of terminal branch crossings at villus mid-height line in
the jejunum (Villus Axons: Block 7 – 17%, Block 8 – 13%, Block 9 – 12%; Terminal
Branches: Block 7 – 19%, Block 8 – 14%, Block 9 – 10%).
The most rostral jejunum (Block 5) was not significantly different from the most
caudal duodenum (Block 4) in the mean number of axons entering the base of the villus
or terminal branch crossings midway up the villus. Only the two most rostral centimeters
of the jejunum (Block 5 and Block 6) were not significantly different from each other in
the mean number of axons entering the base of a villus. Except within the more caudal
half of jejunum (Block 7 vs. Block 9, and Block 8 to Block 9), all other sequential
collection sites in the jejunum had a significant reduction in the mean number of axons
entering the base of the villus and in the mean number of terminal branch crossings
midway up the villus (Figures 9b, 10b, Tables 2-3).
Ileum had the Least Amount of Villus Mucosa Innervation; Relatively Stable
Proximal to Distal Innervation Distribution in CON Mice
The ileum, the most distal 11-14 cm of the small intestine, accounted for 18% of
the total amount of tdTomato-labeled axons entering the villus base and 15% of the total
amount of terminal branch crossings at a mid-height villus line in the entire small
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intestine. The 4 collection sites (Blocks 10-13) that comprised the ileum, were relatively
stable proximal to distal in the mean number of axonal villus base entries and in the
mean number of terminal branch crossings midway up the villus. Unlike the duodenum
and jejunum that had the greatest amount of innervation in the more rostral region, the
ileum had the greatest mean number of axons entering the base of the villus and terminal
branches crossing a mid-height villus line in the most rostral (Block 10) and most caudal
(Block 13) regions (Villus Axons: Block 10 – 26%, Block 11 – 23%, Block 12 – 21%
Block 13 – 30%; Terminal Branches: Block 10 – 30%, Block 11 – 26%, Block 12 –
17%, Block 13 – 27%).
Except between the two most caudal collection sites (Block 12 and Block 13),
there was not a significant difference in the mean number of axon base entries between
any of the collection sites in the ileum (Figure 9b, Table 2). There was a significant
reduction in the mean number of terminal branch crossings between the more rostral half
of the ileum (Block 10 and Block 11) and the caudal medial ileum (Block 12). The most
caudal ileum (Block 13) had significantly more terminal branch crossings midway up the
villus than the penultimate caudal medial ileum (Block 12) (Figure 10b, Table 3).
All Experimental Conditions Displayed a Similar Step-Wise Proximal to Distal
Decrease in Villus Height and Width
The villi down the length of the intestine in CON, VAGX, and LHSHAM
experimental conditions displayed a positive proximal to distal relationship of villi closer
to the pylorus-duodenal junction, being taller and wider than those closer to the ilealcecal junction (Figures 12a-12b, 13a-13b). As eluded to previously, there was a
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significant main effect of collection site in CON, VAGX, and LHSHAM mice in villus
height and villus width.
The villi in the CON condition significantly decreased in size traveling down the
length of all 13 collection sites in villus width [F(12, 48) = 21.27, p < .05] (Figure 12a)
and villus height [F(12, 48) = 90.28, p < .05] (Figure 13a), as well as in the subset of 8
collection sites [F(7, 28) = 22.07, p < .05; F(7, 28) = 97.14, p < .05, respectively]
(Figures 12b, 13b). LHSHAM mice also had a similar significant decrease down the
length of all 8 collection sites in villus width [F(7, 35) = 182.26, p < .05] (Figure 12b)
and villus height [F(7, 35) = 133.47, p < .05] (Figure 13b). The villi in VAGX mice also
significantly decreased in size traveling down the length of all 13 collection sites in
villus width [F(12, 48) = 22.03, p < .05] (Figure 12a) and villus height [F(12, 48) =
69.91, p < .05] (Figure 13a), as well as, in the subset of 8 collection sites [F(7, 28) =
26.14, p < .05; F(7, 28) = 59.09, p < .05, respectively] (Figures 12b, 13b). The caudal
medial jejunum (Block 7) for both CON and VAGX mice was the “transition zone” of a
significant reduction in villus height and width between the more rostral and caudal half
of the small intestine (Figures 12a, 13a).
When collapsed into intestinal compartments, the villi in the duodenum were
significantly taller than the villi in the jejunum (CON: t = 3.53 p < .02, VAGX: t = 3.36,
p = .03) and ileum (CON: t = 53.62 p < .05, VAGX: t = 29.90 p < .05). The villi in the
ileum were significantly shorter than the villi in the jejunum (CON: t = 4.27, p = .01,
VAGX: t = 4.54, p = .01) (Figure 13c). In both the CON and VAGX experimental
condition, the width of the villus base in the duodenum was significantly greater than the
width of the villus base in the jejunum (t = 2.71, p = .05; t = 3.97, p = .02, respectively)
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and the ileum (t = 16.55, p < .05; t = 8.35, p < .05, respectively) (Figures 12c, 13c). CON
and VAGX mice were only significantly different from each other in the width of the
villi in the duodenum (p = .02)
Qualitative Proximal to Distal Morphological Changes in the Innervation Pattern
Within the Villus Shaft in CON Mice
In the more rostral half of the small intestine (Blocks 1-7), mucosal afferents
tended to branch near the base of the villus, mid-way up the villus, and in the apical pole
of the villus. The afferents traversing the villus shaft in the rostral half of the small
intestine tended to branch elaborately towards the epithelial walls in an upward
direction, with some afferents branching laterally repeatedly in opposing directions
while traveling towards the apex. As previously described (Berthoud et al., 1995;
Powley et al., 2011), there was dense, extensive ramification and termination of the
afferent branches in the apical 1/3rd pole of the villi in the rostral half of the small
intestine, forming what we termed a “lightbulb”. A lightbulb consisted of a dense bundle
of terminal endings in which it was difficult to differentiate individual collaterals and/or
terminals. Lightbulbs were most common in the duodenum, in particular the more rostral
half (Block 1 and Block 2) of the duodenum, and on occasion in the more rostral
jejunum. Lightbulbs were less frequent to rare in the caudal jejunum and entire ileum.
In the more caudal half of the small intestine (Blocks 8-13), the amount and
complexity of branching throughout the villus shaft tended to decrease. In Blocks 8-13
the afferents tended to travel straight up the villus shaft with little to no branching until
the apical 1/3rd pole where less complex and less dense branching compared to the
rostral intestine occurred. The frequency and shape of the lightbulbs also changed when
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traveling more distally in the small intestine. In the more caudal half the lightbulbs did
ramify densely in the apical 1/3rd but tended to trace tightly to the apical epithelial wall
forming an “umbrella-like” shape. Furthermore, in the ileum (Blocks 10-13) the
branching tended to not trace or terminate as tightly to the apical epithelial wall like in
the more proximal small intestine, but rather terminated in what appeared to be more in
the middle of the villus shaft.
The submucosa and muscle wall also showed a proximal to distal increase in
thickness. The submucosa and muscle wall in the duodenum was relatively thin
compared to that in the jejunum and ileum. The submucosa and muscle wall began to
thicken in the more caudal jejunum, with the submucosa and muscle wall being the
thickest in the ileum.
An intriguing observation, that was rare, but most common in the duodenum (and
proximal jejunum) was mucosal afferents penetrating the villus epithelial wall. Berthoud
et al., (1995) and Powley et al., (2011) previously described the vagal mucosal afferents
as sending out terminal endings within the mucosa but never penetrating the villus
epithelial wall as they traversed within the villus shaft towards the apical pole. In the
present study, rarely but frequently enough to make note, when two villi had merged
apical ends, afferent terminal branches penetrated and crossed the villus epithelial wall
to innervate the neighboring merged villus. To the best of our knowledge, this has not
previously been reported.
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Qualitative Proximal to Distal Morphological Change Between the Villi in the
Duodenum and Villi in the Ileum in CON Mice
The villi in the duodenum were tall and tapered towards the apical pole. The villi
in the ileum were shorter than the villi in the duodenum, and also did not taper towards
the villus apical pole. The villi in the ileum were more rectangular in shape with the villi
having relatively the same width at their basal and apical poles. The structure of the villi
in the jejunum was a mix of the morphological characteristics of the villi in the
duodenum and in the ileum. The more rostral jejunum (Blocks 5-7) were
morphologically more similar to the villi in the duodenum, and the more caudal jejunum
villi (Blocks 8-10) were morphologically more like the villi in the ileum. There were
some intestinal cross-sections from the jejunum that contained a mixture of duodenumlike (tall, tapered) and ileum-like (short, squat) villi. In these cross-sections, the more
duodenum-like villi were closer to the mesentery and the more ileum-like were closer to
the anti-mesentery. Also of note, the intestinal cross-sections in the jejunum appeared to
have the most villi within a section compared to that in the duodenum and ileum.
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DISCUSSION

Previously, there has not been a technique developed for use in the PNS to
selectively label large amounts of vagal mucosal afferents in vivo, in a uniform and
reliable manner in an application that is also compatible with long-term physiological
studies. The present experiment expanded upon previous characterization of the Nav1.8Cre-tdTomato mouse model (see Gautron et al., 2011) by using more sensitive,
quantitative measures down the length of the entire small intestine. Further
characterization was done to determine the usefulness of this transgenic mouse model in
selectively labeling the vagal mucosal afferents in the small intestine. This analysis has
revealed the usefulness of the Nav1.8-Cre-tdTomato mouse.
There were two aims of the current study. The first was to determine if the
tdTomato-labeled neuronal processes in the mucosa of the small intestine were vagal in
origin, and if so, what percentage of the label is vagal. The second aim was to
quantitatively characterize the tdTomato-labeled nerve innervation density and
distribution in the mucosa down the length of the entire small intestine.
To determine whether the tdTomato-labeled nerve fibers were vagal in origin and
decipher how much of the total label was vagal down the length of the small intestine,
subdiaphragmatic bilateral vagotomy, along with two different sham approaches were
utilized. Previous characterization of this mouse model reported a complete elimination
of mucosal afferents 3 days following subdiaphragmatic bilateral vagotomy (Gautron et
al., 2011). In the present study however, 7 days post-vagotomy there was a significant
reduction, but not complete elimination of tdTomato-labeled mucosa afferents entering
the base of the villi, traversing towards the apical pole of the villi, and in close
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apposition to the crypts in any of the 13 collection sites. The discrepancy between
Gautron’s and the present study’s findings is most likely because in the present study 1)
IHC was used which greatly increased the intensity of the fluorescent signal emitted by
the tdTomato-labeled neuronal processes compared to the endogenous fluorescence
alone, 2) a larger sample size was used, 3) the entire length of the small intestine was
investigated, rather than only the duodenum where the loss of labeled neuronal processes
is the greatest. None-the-less, both studies found a significant loss of the tdTomatolabeled neuronal processes following vagotomy suggesting most of tdTomato-labeled
afferents in the mucosa of the small intestine are vagal in origin. The significant
reduction of tdTomato-labeled nerve axons, terminal branches, and crypt-associated
fibers following vagotomy, but not sham vagotomy, suggests the significant loss in
innervation was due to the disruption of the vagal contribution to the GI physiology, and
not due to the general physiological disruption caused by surgery including global
inflammation, the handling of the nerves and/or surrounding tissues, or the
reorganization of the nerve plexuses innervating the GI tract.
A retrograde tracer, such as fluorogold, was not used to confirm that the
remaining tdTomato-labeled neuronal processes post-vagotomy were not vagal fibers
unable to degrade completely within the 7-day time frame. Although unlikely, it is
possible that the 7-day survival time frame was an insufficient amount of time for all the
vagal afferents to degenerate and/or lose their fluorescence. It is known that the
tdTomato fluorescent protein is transported from the neuronal cell body to the nerve
axons and terminals through common neuronal transport, but how long the protein is
able to fluoresce in the terminals once the axon is severed from the cell body is
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unknown. Despite this unknown, it is unlikely the remaining tdTomato-labeled neuronal
processes post vagotomy were vagal in origin because 1) the shape of the remaining
fiber’s innervation pattern did not mirror that insufficiency with a quadratic proximal to
distal increase, but rather exhibited a linear innervation pattern down the entire length of
the intestine, and 2) the surviving fibers were morphologically different than most of the
fibers in CON mice. The surviving label is most likely either DRG spinal afferents or
intrinsic enteric nerves. In the intestinal cross-sections collected down the length of the
small intestine, we did not see any enteric neural cell bodies labeled. However, in
intestinal whole-mount sections, we did see sparse labeling of enteric cells (not
published) which was also reported by Gautron and others (2011). Gautron previously
reported that there was a greater percentage of tdTomato-labeled DRG spinal afferents
that co-labeled with CGRP with than tdTomato-labeled vagal afferents in Nav1.8-CretdTomato mice. Gautron also reported that the remaining fibers he saw in the myenteric
plexus were often CGRP positive. The small percentage of surviving tdTomato-labeled
neuronal processes in the mucosa are most likely of spinal origin.
It is important to note that subdiaphragmatic bilateral vagotomy does not
selectively disrupt only the vagal afferents. Vagal efferents are also disrupted with this
surgical approach. It is well known that following efferent disruption the pyloric
sphincter is hindered in its ability to relax which greatly slows gastric drainage into the
duodenum (Mordes et al., 1979), thus gut distention and weight loss ensue (Powley et
al., 2005). In the current study, all experimental conditions were matched on bodyweight
prior to surgery. VAGX mice did have an overall 8% loss of bodyweight but because the
sham experimental conditions did not significantly differ from the control or vagotomy
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condition in bodyweight on the day of sacrifice, the change in innervation between CON
and VAGX mice was likely not influenced by the significant loss of bodyweight in
VAGX mice.
Meal pattern and food transit, which are also affected by efferent disruption,
were not observed in the current experiment. It is possible that alterations in ingested
food transit could have influenced the nerve innervation pattern. The vagal afferents are
known to be modulated by several different factors including nutrients (Webster et al.,
2013), hormones (Liddle, 1995; Date et al., 2002; Drucker, 2001), gut microbiota (Riley
et al., 2013), and circadian signals (Kentish et al., 2013). It is also known that vagal
efferent disruption can affect the modulation of these hormones and secretions. It is
unknown, though, if alterations in food intake and/or in food transit can stimulate
plasticity of the structural organization of the vagal afferent plexus as well. In the present
experiment, the sham mice were fasted twice over the 9-day experimental time frame
and the CON mice were fasted once. There was not a main effect of condition or an
interaction effect between CON and LHSHAM mice in the tdTomato innervation pattern
down the length of the intestine or in the amount of tdTomato innervation at each
collection site. Although a change in meal pattern or food transit cannot be ruled out as
influencing the loss and difference of innervation between CON and VAGX mice, these
findings suggest effects, if present, were small.
To characterize the estimation of the tdTomato-labeled vagal mucosal nerve
innervation (CON – VAGX) down the length of the entire mouse small intestine, 5
independent measures were carried out. Overall, the vagal villus innervation at the base
of the villi and midway up the villi showed a proximal to distal decline in the amount of
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innervation, with a slight trend of an increase in innervation in the most distal ileum.
This distribution and pattern of vagal villus innervation suggests the more rostral half of
the intestine is crucial for vagal regulation of food intake under homeostatic conditions.
The slight trend of an increase in the density of the vagal mucosal afferents in the distal
most ileum provides anatomical support for the idea of a vagal afferent role in the ilealbrake (Maljaars et al., 2008). The vagal crypt distribution down the small intestine
showed more of a “w”- shaped pattern (Figure 11b). It is important to remember the
limitation in quantitatively interpreting the vagal crypt innervation because of how it was
measured. Qualitatively there were obvious differences in the amount of crypt
innervation between the CON and VAGX experimental conditions (Figure 8).
Overall, there was a greater amount of terminal branch crossings than axon villus
base entries. The discrepancy in the amount of vagal innervation between the two
measures was greatest in the more proximal small intestine and declined drastically
when traveling distally towards the colon. Qualitatively, the complexity of the branching
pattern appeared to parallel this decline in discrepancy. These findings suggest there may
be different factors influencing the distribution of the vagal innervation to a villus and
the distribution of the vagal innervation within a villus.
The rostral half of the duodenum had the greatest amount of vagal villus
innervation in number of axons entering the base of the villus (Block 1 - 91%, Block 2 82% was vagal) and in the number of terminal branch crossings mid-way up the villus
(Block 1 - 93%, Block 2 - 88% was vagal) corroborating previous findings of the
duodenal bulb as a vagal afferent “hot-spot” important for food intake and bodyweight
regulation.
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Surprisingly, there was not a dramatic decrease in vagal villus innervation at the
collection sites that signified the boundaries between the duodenum and jejunum (Blocks
4-5) and the jejunum and the ileum (Blocks 9-10). While these boundaries are arbitrary,
the steep declines in the vagal innervation clearly occurred within the intestinal
compartments rather than between them. The two-steep proximal to distal declines in
vagal villus innervation occurred in the rostral half of the duodenum (Block 1 and Block
2) and middle of the jejunum (Block 7 and Block 8). Furthermore, there appeared to be a
length of stable innervation that followed each steep decline, which created an almost 3step-like pattern in the vagal villus innervation down the length of the small intestine.
The medial region of the jejunum (Block 7) appeared to be a “transition zone”.
Oral to the medial jejunum, the vagal villus innervation was greater and the villi were
taller and wider, compared to aboral to the medial jejunum. Intestinal nerves have been
reported to modulate the migration of epithelial cells in the small intestine (Bustamante
et al., 1989). See et al., (1992) reported that following severe mucosal damage to the
villi, nerve re-innervation and regeneration of the villus occurred simultaneously. This
suggests that continuous nerve innervation may be important for normal regeneration
and maintenance of villus structure. The present study corroborated this theory and
suggests that the vagal innervation in the mucosa may play an important role in this
regulation. The villi in the VAGX experimental condition, where the vagal afferent
nerve innervation was ablated, appeared to overshoot both the height and width
dimensions of the villi in the CON experimental condition. In the rostral duodenum,
where the vagal innervation was the greatest in CON mice and the loss of innervation
was the greatest in VAGX mice, the overgrowth of the VAGX villi was significant. In
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the most caudal ileum, where there was the least amount of vagal mucosal innervation,
but a more balanced ratio of vagal to spinal innervation, the overshoot appeared to
diminish. Furthermore, when teasing apart the two sham conditions a similar trend was
seen (data not shown). Overall, the HSHAM experimental condition had a slight trend of
a decrease in the mean amount of villus innervation compared to CON mice, while the
LSHAM experimental condition had a slight increasing trend in the mean amount of
villus innervation compared to CON mice. The HSHAM experimental condition was the
condition that exhibited the similar trend of villus overshoot that was seen in the VAGX
experimental condition. Furthermore, the villus overshoot in the HSHAM experimental
condition only occurred in the more rostral small intestine. It is possible the overgrowth
of the villi was a function of the villi becoming hypertrophic because of the disruption to
gastric drainage and intestinal motility, but given the pattern of the overshoot in relation
to the extrinsic vagal and spinal innervation in each experimental condition, it is unlikely
hypertrophy is the sole factor influencing the overgrowth.
It is important to note that the width of the villus was measured at the basal pole
of the villi. The villi in the duodenum exhibited drastic tapering towards their apical pole
while the villi in the caudal jejunum and further down the length of the intestine did not
taper. To the best of our knowledge, it is unknown why there is a difference in
morphological structure between more oral and aboral villi, but because the apical
“lightbulbs” were more frequent in the rostral half of the small intestine, the likelihood
that there is an interplay between the nerves and the villus structure is increased. It
would be interesting to tease apart whether the nerve innervation pattern is influencing
the structure of the villi, if the structure of the villi is influencing the nerve innervation

48
patterns (i.e. – lightbulbs), or if there is another factor influencing the villus innervation
and structure such as the type of, diversity of, and/or number of receptors in the vagal
afferent mucosal endings in different sites within the intestine.
Most of the intestinal cross-sections collected from medial caudal duodenum
(Block 3), where there was a slight dip in vagal innervation, had a gland spanning the
anti-mesentery pole. This gland is hypothesized to be where the bile duct connects to the
small intestine. The dip in villus innervation was more prominent in the total tdTomatolabel than in the estimate of the vagal label suggesting 1) the bile duct region is not a
vagal mucosal afferent “hot-spot” and 2) DRG afferents have a slight increase in
innervation immediately following the bile duct region (Block 4).
The confirmation of the Nav1.8-Cre-tdTomato transgenic mouse model as an
appropriate and useful tool to study the vagal afferents in the mucosa of the small
intestine allows for the blending of anatomy and function without having to cause mass
disruption to physiology. The ability to label and study the anatomy in parallel with
function has been shown to be beneficial (i.e. – the significant advancement of the visual
system over all other sensory systems). The anatomical and functional relationship
between the sensing mechanisms of the gut and the vagal mucosal afferents is largely
unknown. Despite this model’s lack of total specificity for vagal mucosal afferents only,
this mouse model can be used to investigate the morphology, plasticity, and function of
1) the small percentage of non-vagal Nav1.8 tdTomato-labeled neuronal processes, 2)
the interaction or potential synergism between the vagal afferents and DRG afferents
which is most likely more physiological than one or the other, and 3) given that there
was more than a 90% loss of innervation following vagotomy in the proximal small
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intestine, this mouse model can be used to investigate the vagal mucosal afferents in the
duodenum.
For example, “taste” receptors in the gut are hypothesized to be involved in
chemosensing luminal contents and regulating food intake. These receptors have been
termed as taste receptors because of their structural similarity to the taste receptors found
in the tongue. The taste receptors in the GI tract have been localized to rostral and caudal
regions within the gastric mucosa, as well as in the lining of the duodenum in rats, mice
(Wu et al., 2001), and pigs (Mazzoni et al., 2012). The functional and anatomical
relationship of these taste receptors with the vagal mucosal afferents remains unknown.
Using the Nav1.8-Cre-tdTomato mouse in conjunction with methods used to label theses
receptors would begin to elucidate the function of these receptors in the GI tract (i.e. are they producing/contributing to the cognitive sensation of taste like those in the
tongue, are they regulating food intake, and if so how).
The gut microbiome is another growing and hot topic in the digestive/ingestive
field. Previous studies have reported vagal afferent mediated suppression, activation, and
communication by endogenous and exogenous bacteria and bacterial byproducts. To the
best of our knowledge, the anatomical relationship between the bacteria and the vagal
mucosal afferent terminals has yet to be identified. The Nav1.8-Cre-tdTomato mouse
model allows for the delineation of the microbiota - vagal afferent relationship.
CCK is a well characterized gut hormone that has previously been shown to have
a large influence on food intake and bodyweight regulation (Moran & McHugh, 1982;
Raybould, 2007; Zhang et al., 2012). It has been postulated that one route CCK uses to
influence food intake and bodyweight is through vagal mucosal afferents. While there is
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strong evidence of such, the localization of CCK receptors on vagal mucosa terminals
has yet to be anatomically demonstrated. Combining techniques to selectively label CCK
receptors with the Nav1.8-Cre-tdTomato mice could help elucidate whether vagal
mucosal terminals have CCK receptors, and if the receptor is only in a subset of the
terminals or all vagal mucosal terminals.
There are some caveats to the current study and transgenic mouse model. The
most obvious limitation of the study was the sample size. In the present study, both the
CON and VAGX condition had a sample size of 5 mice per collection site. While the
sample appears relatively small, it amounted to a minimum of 200 villi counted per
collection site. Given the relatively small standard error at each collection site in both the
control and vagotomy experimental conditions, a larger sample size would not have
greatly influenced the results. To check this, the normalized data was analyzed and
compared with a sample size of 3 and a sample size of 5. There was an insignificant
amount of change (beyond one decimal place) in the mean numbers when increasing the
sample size to 5, but a small reduction in the standard error.
The main caveat is, it is unknown how much of the total vagal mucosal labeled
neuronal processes are labeled in the Nav1.8-Cre-tdTomato mouse. Both Gautron et al.,
(2011) and Stirling et al., (2005) reported tdTomato label in over 75% of the nodose
ganglion cells. Gautron and others also reported that one subtype of vagal
mechanoreceptors (intramuscular arrays) did not appear to be labeled in this mouse
model, and the other known subtype IGLEs (Rodrigo et al., 1975) were labeled in lower
density than previously reported. It is also important to note the Nav1.8-Cre-tdTomato
mouse model also labels innervation in other organs such as: the tongue, the lungs, the
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pancreas, the skin, the bladder, the gallbladder, and the liver. These findings suggest a
large percentage of the vagal afferents in the small intestinal mucosa are labeled in this
mouse model, and the percentage of afferents that may not be labeled are in the muscle
layers.
The knowledge about the neural circuits and cells involved in food intake and
body weight regulation in the PNS has largely lagged behind the knowledge of that in
the CNS. The slower progression of knowledge in the PNS has largely been due to a lack
of tools to selectively label vagal afferents innervating the GI tract. Further
characterization of the Nav1.8-Cre-tdTomato transgenic mouse model has highlighted its
promise to advance the current knowledge in the digestive and ingestive field as a tool to
label and study the vagal mucosal afferents in the small intestine. Elucidating the
structural anatomy of the vagal mucosal neural plexus in the small intestine during
normal, homeostatic functioning is a good first step, but because the neural plexuses
supplying the GI tract do not work in isolation, but rather with the tissues and cells
within and surrounding the gut, understanding the innervation in relation to other tissues
and cells in normal and diseased states should be investigated moving forward. It is also
of interest whether the vagal villus and crypt innervation density and distribution pattern
is the same in females.
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APPENDIX A

Table 1
Concentration Selection of DsRed Primary Antibody
_____________________________________________________________________________________
DsRed Concentration
Pros
Cons
_____________________________________________________________________________________
1:1000

Label was bright in villi and crypts

Background was high

1:1500

Label was bright in villi and crypts,

Villus epithelial wall background was

could see outline of crypts, overall

a little high

background low
1:1900

Same as 1:1500, crypts clearer

Same as 1:1500, villi and crypt label
slightly weaker

1:2100

Overall background low

Label was weak in villi

1:2500

Crypt structures were very visible

Label in villi and crypts was weak

and spotty
_____________________________________________________________________________________
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Table 2
Mean Number of Axons Entering the Base of a Villus in CON Mice Between Collection Sites,
* = p < .05.
____________________________________________________________________________
Intestine Compartment
Block Compared to Block
t-value
Sig.
____________________________________________________________________________
Duodenum

1

2

3.56

.02*

3

7.65

.00*

4

10.40

.00*

3

12.79

.00*

4

7.34

.00*

4

3

-2.62

.06

4

5

1.94

.12

5

6

1.46

.22

7

4.25

.01*

8

7.44

.00*

9

12.45

.00*

7

5.89

.00*

8

8.97

.00*

9

10.87

.00*

8

3.70

.02*

9

2.10

.10

8

9

0.62

.57

9

10

-1.86

.14

10

11

1.90

.13

12

1.13

.32

13

-0.67

.54

12

0.39

.72

13

-1.65

.18

2

Boundary

Jejunum

6

7

Boundary

Ileum
11

12
13
-3.83
.02*
____________________________________________________________________________
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Table 3
Mean Number of Terminal Branch Crossings at a Villus Mid-Height Line CON Mice Between
Collection Sites, * = p < .05.
____________________________________________________________________________
Intestine Compartment
Block Compared to Block
t-value
Sig.
____________________________________________________________________________
Duodenum

1

2

2.76

.02*

3

3.84

.00*

4

2.38

.04*

3

3.10

.01*

4

1.78

.12

4

3

-1.49

.17

4

5

2.85

.02*

5

6

-2.87

.02*

7

2.76

.02*

8

5.17

.00*

9

2.80

.02*

7

2.41

.04*

8

3.08

.01*

9

2.89

.02*

8

4.32

.00*

9

3.09

.01*

8

9

1.46

.18

9

10

-2.05

.07

10

11

1.65

.13

12

2.70

.02

13

-0.78

.45

12

2.57

.03

13

-0.68

.51

2

Boundary

Jejunum

6

7

Boundary

Ileum
11

12
13
-4.02
.00*
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APPENDIX B

Figure 1. Verification of subdiaphragmatic vagotomy. (A) Photomontage illustrating an
intact CON ventral vagal trunk and branches. The trunk can be seen coursing down the
esophagus and bifurcating as well as innervating the stomach in finger-like projections
(50x). (B) Photomontage illustrating a successful vagotomy. The ventral trunk is
cauterized and blunted (50x). (C) A couple regenerated fibers or fibers that were not
completely cauterized are visible but there is clearly no finger-like vagal projects into the
stomach (100x) (red solid arrow = abdominal vagus trunk running along esophagus, red
open arrowhead = stomach, blue arrowhead = site of cautery, yellow arrowheads =
regenerated/not fully cauterized fibers).
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Figure 2. Photograph of the small intestine stretch to capacity in hollowed-out agar mold
filled with ice cold PBS.

Figure 3. Schematic diagram of a 40cm long small intestine illustrating how the 1:3:2
ration was used to segment the small intestine into duodenum, jejunum, and ileum,
respectively. The specific location of the 13, 1cm long collection sites (tissue blocks)
along the length of the small intestine are also shown. Within each 1cm collection
site/frozen tissue block were 4 sampling sites where cross-sections were harvested.
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Figure 4. Example of the 4 quadrants in the intestinal cross-sections (50x). The gridline
between Quadrant 1 and Quadrant 4 always signified the mesenteric attachment, while
the gridline between Quadrant 2 and Quadrant 3 always signified the anti-mesentery
pole. Quantification of the villi always began in Quadrant 1 at the mesenteric attachment
and moved clockwise to anti-mesentery pole of Quadrant 2. Quadrant 4 at the mesenteric
attachment was quantified next and then moved counter-clockwise to the anti-mesentery
pole of Quadrant 3. Crypts fibers were counted following the completion of all villus
counts, in the same manner.

67

Figure 5. Effects of surgical manipulation on bodyweight. Bodyweight was measured
each day. VAGX, LSHAM, and HSHAM mice were fasted overnight on Day -1, and all
experimental conditions were fasted overnight on Day 6. Mice did not significantly
differ in bodyweight on Day -1. (A) VAGX had a significant reduction in bodyweight
compared to CON mice, (B) but not compared to LSHAM and HSHAM mice. (C) There
was not an overall effect of surgical manipulation on bodyweight. Averaged across the
9-day experimental time-period, CON mice weighed significantly more than VAGX (p <
.05) and LSHAM (p = .04) mice. The VAGX mice were only significantly different in
bodyweight from the CON mice across the 9 days (p < .05), and the two shams were not
significantly different from each other in bodyweight across the 9-days (p > .05). * = p
< .05.
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Figure 6. Effects of experimental condition on intestine length. A one-way ANOVA
revealed a significant effect on intestine length between experimental conditions [F(3,
42) = 3.4, p = .026]. A Tukey post hoc analysis revealed no significant differences
between CON, VAGX, LSHAM, and HSHAM mice.

71

Figure 7. Confocal images of tdTomato-labeled neuronal processes in the villi. (A)
Morphology and innervation pattern of tdTomato-labeled afferents in the duodenum in
CON mice. (B) Small percentage of surviving labeled afferents in the duodenum
appeared thinner and more varicose than the majority of the afferents in CON
experimental condition. (C) Most villi in the VAGX experimental condition exhibited a
complete elimination of tdTomato-labeled nerves in VAGX mice in the duodenum. (D)
Morphology and innervation pattern of tdTomato-labeled afferents in the ileum of CON
mice. (E) Small percentage of surviving labeled afferents in the ileum appeared thinner
and more varicose than the majority of the afferents in CON experimental condition. (F)
Most villi in the VAGX experimental condition exhibited a complete elimination of
tdTomato-labeled nerves in VAGX mice in the ileum (solid arrow = villus epithelial
wall, open arrow = tdTomato-labeled afferent) (200x).
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B
Figure 8. Confocal images of tdTomato-labeled fibers associated with crypts. All the
crypts in the two images above would be counted as ‘yes’, but qualitatively there is a
clear difference in the amount of fibers associated with each crypt between the (A) CON
and (B) VAGX experimental conditions (solid white arrow = muscle layer, open white
arrow = crypt, green arrow = tdTomato-labeled fiber) (200x).
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Figure 9. The mean number +/- SEM of tdTomato-labeled axons crossing a gridline
placed at the base of the villus. (A) VAGX resulted in a significant reduction in axons at
all 13 collection sites compared to CON mice. (B) CON mice, and the estimate of the
vagal innervation exhibited a quadratic innervation pattern, and VAGX mice exhibited a
linear surviving axon fiber pattern. (C) There was a significant loss of innervation in the
duodenum, jejunum, and ileum following vagotomy. In the CON experimental
condition, the duodenum had a significantly greater amount of innervation than the
jejunum and ileum. There was no difference between the intestinal compartments in the
VAGX experimental condition. (D) LHSHAM mice did not significantly differ from
CON mice, and had significantly greater number of axons entering the base of a villus
compared to VAGX. * = p < .05.
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Figure 10. The mean number +/- SEM of tdTomato-labeled terminal branches crossing a
gridline placed at the mid-height of the villus. (A) VAGX resulted in a significant
reduction in terminal branch crossings at all 13 collection sites compared to CON mice.
(B) CON mice, and the estimate of the vagal innervation exhibited a quadratic
innervation pattern. VAGX mice exhibited a linear surviving axon fiber pattern. (C)
There was a significant loss of innervation in the duodenum, jejunum, and ileum
following vagotomy. In the CON experimental condition the duodenum had a
significantly greater amount of innervation than the jejunum and ileum. There was no
difference between the intestinal compartments in the VAGX experimental condition.
(D) LHSHAM mice did not significantly differ from CON mice in 7 of the collection
sites, and had a significantly greater number of terminal branch crossings at mid-height
of a villus compared to VAGX in all 8 collection sites. * = p < .05.
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Figure 11. The mean number +/- SEM of tdTomato-labeled crypts in close apposition to
tdTomato-labeled fibers. (A) VAGX resulted in a significant reduction in crypts
associated with fibers crossings at all 13 collection sites compared to CON mice. (B)
Both CON and VAGX mice exhibited a proximal to distal decrease in innervation. The
estimate of the vagal innervation exhibited more of a “w-shape”. (C) LHSHAM mice did
not significantly differ from CON mice, and had a significantly greater amount of crypts
associated with fibers compared to VAGX in all 8 collection sites. (D) There was a
significant loss of innervation in the duodenum, jejunum, and ileum following
vagotomy. * = p < .05.
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Figure 12. The mean number +/- SEM of gridline boxes wide a villus was. (A) There
was a significant increase in the villus width in VAGX mice compared to CON mice in
the rostral half of the duodenum (Blocks 1-2). The medial caudal jejunum (Block 7) for
both CON and VAGX mice was the “transition zone” of a significant reduction in villus
width between the more rostral and caudal half of the small intestine. (B) The villi in the
VAGX experimental condition were significantly wider than the villi in the CON and
LHSHAM experimental condition in the most rostral duodenum. The villi in the CON,
LHSHAM, and VAGX experimental conditions, in the remaining 7 collection sites, did
not differ in villus width. (C) There was a significant increase in villus width in the
duodenum following vagotomy. In both the CON and VAGX experimental condition,
the width of the villus base in the duodenum was significantly greater than the width of
the villus base in the jejunum and the ileum. * = p < .05.
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Figure 13. The mean number +/- SEM of gridline boxes tall a villus was. (A) There was
a significant increase in the villus height in VAGX mice compared to CON mice in the
most rostral duodenum (Block 1). The medial caudal jejunum (Block 7) for both CON
and VAGX mice was the “transition zone” of a significant reduction in villus height
between the more rostral and caudal half of the small intestine. (B) The villi in the
VAGX experimental condition were significantly taller than the villi in the CON
experimental condition in the most rostral duodenum. LHSHAM and VAGX
experimental conditions did not differ in villus height in any of the 8 collection sites. (C)
There was not a significant difference in villus height in the duodenum, jejunum, or
ileum between CON and VAGX mice. In CON and VAGX the villi in the duodenum
were significantly taller than the villi in the jejunum and the ileum. The villi in the ileum
were significantly shorter than the villi in the jejunum. * = p < .05.
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